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M.Ih"..Carnbridge, Mass. 

TecIm,f.eal r e p o r t  on t h e  p rogres s  of work sponsore'd by Grant 
NsG-231-62 of t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
(cover ing  t h e  period from August 16, 1964 t o  June  15, 1965). 

I n v e s t i g a t i o n s  conducted dur ing  t h e  period s ta ted  above have .  

been concerned w i t h  t h r e e  a r e a s :  

I ,  Cont inua t ion  of t h e  col lect ing of mass s p e c t r a  of compounds 

of b i o l o g i c a l  i n t e r e s t .  

11. Development of mass s p e c t r o m e t r i c  t echn iques  f o r  t h e  detec- 

t i o n  and i d e n t i f i c a t i o n  of t r a c e s  of o r g a n i c  compounds i n  

g e o l o g i c a l  or e x t r a t e r r e s t r i a l  specimens. 

111. Computer t echn iques  f o r  t h e  p rocess ing  of h igh  r e s o l u t i o n  

mass s p e c t r a l  d a t a  and t h e  computer-aided i n t e r p r e t a t i o n  of 

mass s p e c t r a .  

A d  I :  Our e a r l i e r  work (see p rev ious  p r o g r e s s  r e p o r t s )  on t h e  

de t e rmina t ion  and i n t e r p r e t a t i o n  of t h e  mass s p e c t r a  of o r g a a i c  

compounds of b i o l o g i c a l  in terest  h a s  been confirmed by r e i n v h u t i -  

g a t i o n s  of many r e p r e s e n t a t i v e  compounds u s i n g  a h igh  r e s o l u t i o n  

4 

mass spec t rometer .  Such an instrument  pe rmi t s  one t o  determine t h e  

mass of any i o n  w i t h  an accuracy of a few p a r t s  i n  one m i l l i o n ,  i . e . ,  

r i t h  an error of only about one mi l l imass  u n i t .  From such d a t a  one 

can t h e n  deduce t h e  number and k i n d  of e lements  p r e s e n t ,  i .e . ,  t h e  

e l emen ta l  composition. The tremendous va lue  of such measurements 

becomes obvious i f  one keeps i n  mind t h a t  t hey  can be made on a s  

l i t t l e  a s  a microgram of m a t e r i a l  o r  even less. 

A s  a n  example a few of t h e  da t a  ob ta ined  w i t h  u r i d i n e  should  be 

mentioned. Its convent iona l  mass spectrum had been ob ta ined  

e a r l i e r '  and was shown i n  t h e  l a s t  p r o g r e s s  r e p o r t .  Accurate mass 

measurements on a11 t h e  i o n s  revea led  t h e  correctness of our  e a r l i e r  
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a . 

i n t e r p r e t a t i o n  but a l s o  shows how va luab le  t h i s  k ind  of information 

were i f  one would not know anything about t h e  n a t u r e  of t h e  compound. 

The molecular ion  was found t o  have a mass of 244.0699 i n d i c a t i n g  

t h e  e lementa l  composition CgH12N206 ( c a l c d . :  244.0695). Among t h e  

many fragment i o n s  were two of cons iderable  abundance, which had 

masses of 113.0358 and 133.0509 which.correspond t o  CqHgN202 ( c a l c d . :  

113.0351) and C5Hg04 (ca lcd .  : 133.0500) r e s p e c t i v e l y .  Such a r e s u l t  

r e q u i r e s  t h a t  t h e r e  a r e  two widely d i f f e r e n t  p o r t i o n s  i n  t h e  molecule,  

one oxygen-rich and n i t rogen-f ree  (C5Hg04), t h e  o t h e r  c o n t a i n s  two 

n i t r o g e n s  and two oxygens (C4H5N202), t oge the r  con ta in ing  a l l  t h e  

carbon atoms of t h e  molecule,  Obviously, t h e s e  two p a r t s  r e p r e s e n t  

t h e  r i b o s e  p o r t i o n ,  and t h e  u r a c i l  r i n g  of u r i d i n e ,  a conclusion very 

important  f o r  t h e  c o r r e c t  i n t e r p r e t a t i o n  of t h e  spectrum i f  t h e  na tu re  

of t h e  sample would not have been known. S imi l a r  conclus ions  a r e  

reached when cons ider ing  t h e  e lemental  composi t ions of a l l  o t h e r  i o n s  

i n  t h e  spectrum. The va lues  a l s o  a r e  i n  p e r f e c t  agreement wi th  t h e  
. 

e a r l i e r  pred ic t ions '  based on t h e  convent ional  mass s p e c t r a  of 

nuc leos ides .  

S imi l a r  r e s u l t s  have been obtained wi th  amino a c i d s ,  pep t ides ,  

p u r i n e s ,  carbohydrates ,  o t h e r  nuc leos ides ,  f a t t y  a c i d s  and s t e r o i d s .  

Ad 11. Since our prev ious  work had e s t a b l i s h e d  t h a t  one can 

use  mass s p e c t r a  t o  i d e n t i f y  organic  compounds p r e s e n t  i n  t h e  

microgram t o  nanogram range,  w e  t u rned  t o  t h e  more d i f f i c u l t  problem 

of doing t h i s  wi th  n a t u r a l  mix tures  a s  t h e y  a r e  poss ib ly  p re sen t  i n  

g e o l o g i c a l  specimens or meteor i tes .  

Having r e a l i z e d  t h e  much g r e a t e r  p o t e n t i a l  of high r e s o l u t i o n  

mass s p e c t r a  over convent ional  ones ,  w e  used t h e  l a t t e r  only t o  work 

out exper imenta l  t echniques ,  but c o l l e c t e d  t h e  a c t u a l  d a t a  wi th  t h e  
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double  focus ing ,  high r e s o l u t i o n  ins t rument .  

I n  order t o  avoid  any contamination of t h e  sample or  t h e  c r e a t i o n  

of a r t i f a c t s ,  w e  explored direct  e v a p o r i z a t i o n  of t h e  o r g a n i c  m a t e r i a l  

ou t  of t h e  i n o r g a n i c  ma t r ix  i n t o  t h e  i o n  source  of t h e  spec t rometer  a t  

t h e  very l o w  p r e s s u r e  t h a t  e x i s t s  i n  t h e  spec t rometer .  T h i s  has  t h e  

advantages of reducing  tine handl ing of t h e  sample t o  an a b s o l u t e  

minimum ( g r i n d i n g  and t r a n s f e r  i n t o  a g l a s s  v i a l )  and may, inc iden-  

t a l l y ,  be t h e  method of choice  when t h e  sample h a s  t o  be t aken  and 

t h e  spectrum determined au tomat i ca l ly  a s  would be t h e  c a s e  by a s o f t  

handl ing  instrument  on another  p l ane t .  

Using a s  l i t t l e  a s  10-50 m g .  of ground m a t e r i a l  (sediment or 

meteorite) and h e a t i n g  it slowly while cont inuous ly  t a k i n g  t h e  s p e c t r a  

of t h e  vapor over  t h e  specimen one o b t a i n s  a very  complex set of d a t a  

( f o r  each  spectrum a f e w  hundred of a c c u r a t e  masses corresponding t o  

t h e  i o n s  formed from t h e  o rgan ic  compounds p r e s e n t )  which is con- 

v e r t e d  by a computer t o  an i n t e r p r e t a b l e  form, namely anGarray of 

t h e  e l emen ta l  combinations of a l l  t h e  i o n s  produced, which t h u s  

ref lects  t h e  t y p e s  of compounds p resen t .  

As a n  example, F igu re  1 r e p r e s e n t s  p a r t  of t h e  v o l a t i l e s  ob ta ined  

from a sample of c re t aceous  sediment. I t  is c l e a r l y  obvious t h a t  

there  a r e  i n  f a c t  many hydrocarbons evolved (C,H-column) which range  

i n  s a t u r a t i o n  from h igh ly  s a t u r a t e d  ones (h igh  H t o  C r a t i o )  t o  

h i g h l y  u n s a t u r a t e d  ones ( l o w  H/C r a t i o ) ,  t h e  a s t e r i s k s  i n d i c a t i n g  

t h e  abundance of t h e  v a r i o u s  s p e c i e s  on a l o g a r i t h m i c  scale. But 

there a r e  a l s o  p r e s e n t  many oxygenated s p e c i e s ,  mainly a romat ic  ones  

( C ,  H, O-column) whose C/II r a t i o  i n d i c a t e s  s u b s t i t u t e d  benzofurans,  

~ l i i l e  t h e  s c a r c e n e s s  of n i t r o g e n  c o n t a i n i n g  i o n s  is s t r i k i n g .  

Cons ider ing  t h a t  t h i s  is only a smal l  p a r t  of t h e  informat ion  obta ined  



w i t h  a s  l i t t l e  a s  50 m g .  of t h e  sediment ( con ta in ing  only a very 

s m a l l  amount of o rgan ic  m a t e r i a l ) ,  it is a weal th  of s p e c i f i c  d a t a .  

A more d e t a i l e d  d i scuss ion  of t h i s  t y p e  of mass s p e c t r a  and t h e i r  

i n t e r p r e t a t i o n  has  been published2. 

We have more r e c e n t l y  employed t h i s  t echnique  i n  an e f f o r t  t o  

"map" t h e  i n t e r i o r  of a piece of m e t e o r i t e  (Murray), by d r i l l i n g  a 

narrow ho le  (2-3 mm I . D . )  through t h e  specimen, c o l l e c t i n g  the  

m a t e r i a l  corresponding t o  3 mm deep sections (a  t o t a l  of e i g h t )  and 

r eco rd ing  t h e  mass s p e c t r a  of t h e  o rgan ic  c o n s t i t u e n t s  i n  t h e  manner 

o u t l i n e d  above. I t  is  hoped t h a t  such a technique  would enable  one 

t o  o b t a i n  a permanent, very d e t a i l e d  r eco rd  of t h e  gene ra l  d i s t r i -  

bu t ion  of o rgan ic  m a t e r i a l  i n  a meteor i te ,  t o  have some information 

concerning t he i r  na tu re  and t o  deduce whether  t hey  may possibly be 

a r t i f a c t s  i n  which case  they  would be p resen t  on and near t h e  

s u r f a c e ,  bu t  n o t  i n  t h e  cen te r .  

Pre l iminary  i n t e r p r e t a t i o n  of t h e  s p e c t r a  of t h e  e i g h t  Murray 

samples mentioned above i n d i c a t e  t h a t  t h e  hydrocarbons a r e  d i s t r i -  

buted r a t h e r  equa l ly  throughout  t h e  m a t e o r i t e  specimen whi l e  t h e  

oxygenated compounds seem t o  s l i g h t l y  predominate on t h e  s u r f a c e .  

The d e t a i l e d  i n t e r p r e t a t i o n  of t h e  d a t a  is somewhat hampered 

by t h e  r e l a t i v e  s lowness  of t h e  measurement of the a c c u r a t e  p o s i t i o n  

of t h e  many hundred l i n e s  produced by t h e  spectrometer on a photo- 

g r a p h i c  p l a t e .  

only a f e w  seconds f o r  each,  measuring a l l  t h e  l i n e s  of t h e  spectrum 

v i t h  a r e l i a b l e  accuracy of t 0.5 micron t a k e s  from 2-6 hours w i t h  

our present  comparator,  I t  is hoped t h a t  w e  can acqu i re  a f u l l y  

autoniat ic  comparator w i th  IBM compatible d i g i t a l  readout  on magnetic 

t a p e ,  t o  overcome t h i s  da t a  handl ing problem. 

While t h e  a c t u a l  recording of these s p e c t r a  t a k e s  



A d  111. During t h i s  work it  became apparent  t h a t  not  only 

does t h e  processing of these data  r e q u i r e  a computer because it could 

n o t  conceivably be done by  hand (each l i n e  p o s i t i o n  is  a seven d i g i t  

number, has  t o  be converted t o  t h e  corresponding mass w i t h  t h e  same 

accuracy and must t h e n  be correlated w i t h  t h a t  combination of carbon, 

hydrogen, n i t r o g e n ,  oxygen, s u l f u r  atoms, etc.,  which add up t o  

e x a c t l y  t h e  same mass) bu t  a l s o  t h a t  these d a t a  l e n d  themselves  

exceedingly  well t o  computer i n t e r p r e t a t i o n .  I n  c o n t r a s t  t o  conven- 

t i o n a l  mass s p e c t r a ,  which y i e l d  only t h e  i n t e g r a l  mass of t h e  i o n s  

and may t h u s  correspond t o  very many possible  e l emen ta l  composi t ions,  

t h e  h igh  r e s o l u t i o n  d a t a  a r e  much more d i r e c t l y  and uniquely r e l a t e d  

t o  t h e  n a t u r e  of t h e  compound because one d i r e c t l y  de te rmines  t h e  

number and k ind  of e lements  t h a t  make up t h e  compound i t s e l f  a s  w e l l  

a s  a l l  t h e  f ragments  produced on e l e c t r o n  impact. 

Thus w e  a r e  p r e s e n t l y  developing programs which w i l l  enab le  t h e  

computer t o  p r e - i n t e r p r e t  t he  da ta  i n  t e r m s  of t h e  g e n e r a l  n a t u r e  

of t h e  compounds g i v i n g  rise t o  the  p a r t i c u l a r  spectrum, t h e  

f u n c t i o n a l  groups p re sen t ,  t h e i r  l o c a t i o n ,  etc. Eventua l ly ,  t h e  

computer may be a b l e  t o  a r r i v e  a t  t h e  complete answer, namely t h e  

c o r r e c t  s t r u c t u r e  of t h e  compound. 

As a first step w e  have reached t h e  p o i n t  where t h e  computer 

can uniquely  determine t h e  molecular weight and e l emen ta l  composition 

of t h e  compound i n  q u e s t i o n ,  even i n  t h e  presence  of i m p u r i t i e s  or 

if t h e  mass spectrum should l ack  t h e  peak due t o  t h e  molecular i o n  

if one  d e a l s  w i t h  a compound t h a t  f ragments  w i t h  extreme ease .  Both 

cases a r e  f r e q u e n t  r easons  f o r  t h e  m i s i n t e r p r e t a t i o n  of mass s p e c t r a .  

The p r i n c i p l e  of t h e  technique is  based on t h e  f a c t  t h a t  t h e  

molecule  must have a l l  va l ences  occupied, cannot c o n t a i n  heavy 
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i s o t o p e s  and must be r e c o n c i l a b l e  w i t h  a l l  o t h e r  i o n s  i n  t h e  spectrum 

(except  t h o s e  due t o  i m p u r i t i e s  and contaminants) which must a l l  be 

de r ived  from t h e  a c t u a l  molecule by t h e  loss  of s m a l l  groups of atoms. 

By having t h e  computer test a number of peaks a t  t h e  high mass end  

of t h e  spectrum f o r  these c h a r a c t e r i s t i c s ,  it selects t h e  one t h a t  

f i t s  best and t h u s  must be t h e  t r u e  molecular i on .  It  a l s o  tes ts  

whether there is another  s t i l l  more compatible combination of e lements  

which can be "synthesized" by adding t h e  weight  of t h e  sma l l  groups 

of atoms t o  t h e  e x i s t i n g  i o n s  of high mass. T h i s  is based on t h e  f a c t  

t h a t  i f  a molecule f ragments  very e a s i l y ,  it does so  by t h e  loss  of 

discrete groups of atoms. 

The program has  been tested s u c c e s s f u l l y  w i t h  many compounds. 

For example, when t h e  h igh  r e s o l u t i o n  spectrum of andros te rone  

a c e t a t e  was run  w i t h  t h i s  program, t h e  computer selected t h e  c o r r e c t  

molecular  i o n ,  C21H3203. 

removed from t h e  set of d a t a ,  t h e  same, correct r e s u l t  was obta ined  

because t h e  computer could r e c o n c i l e  t h e  remaining d a t a  only  by 

assunling t h a t  t h e  molecular composition of t h e  compound is  C21H32033 

i n  s p i t e  of the absence of an ion corresponding t o  t h i s  composition. 

This t echn ique  was t h e  s u b j e c t  of a recent p u b l i c a t i o n 3  of which 

r e p r i n t s  a r e  enclosed.  

Even when t h e  peak due t o  t h i s  i o n  was 

T h i s  is only t h e  beginning of what we c a l l  "computer-aided 

i n t e r p r e t a t i o n  of mass spec t r a" .  F u r t h e r  i n s i g h t  i n t o  t h e  n a t u r e  

2€ t h e  compound can be ob ta ined  f r o m  a c o n s i d e r a t i o n  of t h e  e lementa l  

composi t ion of t h e  f ragments  t h a t  a r e  e a s i l y  l o s t  from t h e  molecule. 

Thus i n  t h e  c a s e  of andros te rone  a c e t a t e ,  these a r e  C H n , C H p C H 2 ,  - 

GO, CM3COOH and v a r i o u s  combinations t h e r e o f ,  which a l low t h e  

conc lus ion  t h a t  it is  an 0-ace ta te ,  c o n t a i n s  a c y c l i c  carbonyl  
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group, one or more methyl groups,  no a l k y l  s i d e  cha in  and a t o t a l  of 

s i x  double bonds or r i n g s .  From t h e s e  f a c t s  it would not  be d i f f i c u l t  

t o  a r r i v e  a t  t h e  conclus ion  t h a t  one d e a l s  w i t h  an acetoxyketo-  

s t e r o i d  wi th  a t o t a l  of 19 carbon atoms i n  t h e  carbon s k e l e t o n ,  if 

t h e  s t r u c t u r e  of t h e  compound were not  known. 

We a r e  p r e s e n t l y  working on t h e  e l a b o r a t i o n  of computer programs 

t h a t  would c a r r y  out  such i n t e r p r e t a t i o n s  e f f i c i e n t l y  and l o g i c a l l y .  

The i m p l i c a t i o n  of such techniques  t o  t h e  i n v e s t i g a t i o n  of o r g a n i c  

m a t e r i a l s  by remotely c o n t r o l l e d  mass spec t romete r s  a r e  of obvious 

s i g n i f i c a n c e .  
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figure 1: ELEMENT MAP JUOY CREEK CRETACEOU5 SEDIMENT. 300 243-07-1 
Nominal 
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-11112 I..... 
11/13 I*.** 101 9-20. 
11/14 0.. 

121 8 2- 
12/ 9-I... 
12/10 om.. 

-12/11 o..... 
-+12/12-2..... 
+ 12/13-I..... 
-12/14 0.*0* 

12/15-1*** 
12/16-1** 

12/18 0. 

16/ 8 0 .  

CHNC3 

17/16 14 
0 ci 

19/16 I** 

CHO cr02 C H 0 3  


